INTRODUCTION
Lockwood and his co-workers have proposed that fungistasis is associated with the loss of germination-promoting nutrients from fungal propagules to the environment (Lockwood, 1977 (Lockwood, , 1981 . In this model, soil microflora serve as a 'nutrient sink' which drains the spores of metabolic reserves, thereby preventing germination. Losses may eventually occur to such an extent that spores previously able to germinate without exogenous energy may lose this ability. Evidence in support of the nutrient deprivation hypothesis is based primarily on the observation that many nutrient-independent spores will not germinate in a sterile model system in which a sand substratum is continuously leached with either water, phosphate buffer, or a dilute salt solution (Lockwood, 1977) . In the leaching system, inhibition of germination was correlated with the increased loss of 14C-labelled components from the spores (Sneh & Lockwood, 1976; Filonow & Lockwood, 1979 , 1983 . The 14C-labelled compounds exuded from Cochliobolus victoriae conidia were not identified, but the exudate contained anthrone-and ninhydrinpositive compounds, and more than 90% of the carbohydrate was glucose (Bristow & Lockwood, 1975) . Fungistasis of C. uictoriae conidia incubated on the leaching system was partially annulled by a nutrient solution containing glucose and casein hydrolysate in concentrations which approximated to the carbohydrate and amino compound composition of C. victoriae exudate. Neither exudate nor the defined nutrient solution affected germination of unleached spores, but both increased germination of leached spores (made nutrient-dependent) to a similar extent (Bristow & Lockwood, 1975) .
The purpose of this research was to investigate further the role of exudation in C. victotiae germination. More specifically, we have (1) identified nutrients in exudate and determined the conditions in which exudate stimulated germination, and (2) investigated the consequences of loss of exudate on germination.
cultures. The conidia were suspended in cold (2 "C) 0.1 % (v/v) Tween 20 and applied to a 0.4 ym pore-size Nuclepore filter. Approximately 5 x lo3 conidia on 1 cm2 membrane filters were placed on the sand substratum (leaching system) or floated on a solution in a beaker. After incubation, the spores were stained with 1.5% (w/v) rose bengal in 25% (v/v) glycerol and 75% (vlv) ethanol, and stored at 5 "C. The membranes were wiped across a wet paper towel to remove excess stain and percentage germination was determined microscopically at 150 x magnification. One-hundred spores were assessed per membrane; a spore was considered germinated if it had produced a germ tube at least one-half of the width of its conidium. There were two or three replicates for each treatment and each experiment was performed at least twice. Experiments were analysed for variance with the F test (P = 0.05); Bartlett's test for homogeneity of variance (P = 0.05) indicated that transformation of data was unnecessary (Steel & Torrie, 1980 ). Significant differences between means in experiments with significant F tests ( P = 0.05) were detected by the Student-Newman-Keuls multiple range test (P = 0.05) or the least significant difference test (P = 0.05).
In all experiments, conidia were maintained in axenic conditions. All solutions were made with reagent grade chemicals and distilled-deionized water. Solutions were sterilized by autoclaving, except glucose, which was sterilized by ultrafiltration.
Eflect of selected nutrients on germination. Cochliobolus victoriae conidia were incubated for 8 h with 1 y~-1 mM of selected nutrients in 80 ml 0.05 M-MES (pH 6.1) in 10% White's salts solution at 22 "C. Glucose, xylose and galactose were selected because they are present in spore exudate. Fructose, ribose, proline, alanine and asparagine were selected because information in the literature suggested that these compounds may be involved in triggering germination of other spores. Galacturonic acid, picolinic acid and succinic acid were tested because they could serve as chelators.
E.uudate. Conidia from 3-to 5-week-old cultures on glucose-asparagine agar (or V-8 juice agar when indicated) were collected dry using suction and approximately lo5 conidia ml-I were suspended in 10% White's solution and stirred gently for 0.5-1 h. Exudate obtained from conidia soaked for 0.1, 0.5, 1 or 2 h showed no significant differences in subsequent stimulatory activity. When specifically indicated, los conidia ml-in 10% White's solution were placed in an ultrasonic cleaner for 30 min. Conidia were removed from the exudate by deposition on a 0.22 ym pore-size membrane filter. Unless otherwise indicated, exudate was assayed for stimulatory activity on freshly harvested conidia within 1-2 h.
The concentration of conidia in a suspension was determined microscopically by counting all conidia in each of four 1 pl aliquots. To determine conidial dry weight, after conidial concentration was determined, conidia were deposited on to 0.45 pm Gelrnan filters, dried at 75 "C, and weighed.
For carbohydrate analysis of exudate, 3 x lo6 conidia were collected by suction, washed in 80 ml water at 4 "C and concentrated by centrifugation at l0OOOg for 20 min. The supernatant was decanted and the conidia were stirred in 0.7 1 water at 21 "C for 4 h. The exudate was collected by passage through a 0.22 pm pore-size Millipore filter and then frozen and lyophilized. Sugars were derivatized as the trimethylchorosilane-0-methyl glycosides and analysed with a Perkin Elmer 910 gas chromatograph using an SP 2100 column (Bhatti et al., 1970) . Standards included arabitol, rhamnose, fucose, xylose, mannose, galactose, glucose, mannitol and inositol. For ion analysis, conidia were removed from agar plates with vacuum and 4 x loJ conidia ml-l were suspended in 1 mM-MES (pH 6.1) for 1 h. Conidia were deposited by suction on to a 0.22 pm pore-size membrane filter and the filtrate (exudate) was evaporated under reduced pressure. The evaporated sample was rehydrated in a small volume of water, frozen, lyophilized and rehydrated. Ion analysis of the exudate and a buffer control was done with a Spectrametrics SMI 111 Emission Spectrophotorneter (204 Andover St., Andover, MA 108 10, U.S.A.).
'Y'-Labelled conidia, exudate or substrate. ' T-Labelled conidia were produced by growing C. rictoriae in glucose-asparagine agar, or when specified, carrot agar. containing 1-1 0 pCi (37-370 kBq) uniformly labelled glucose. The conidia were removed dry from 3-week-old cultures using suction. To determine the effects of temperature on exudation, conidia produced on carrot agar containing 1 pCi (37 kBq) [14C]glucose per 10 cm i d .
plate, were suspended in 20 mlO.1 %Tween 20 maintained at either 2 "C or 22 "C. After 5, 15, 30, or 45 min, 4 ml aliquots of spore suspension were removed and filtered through a 0.2 pm spore-size membrane filter. Aqueous scintillation fluid (10 ml) containing toluene/Triton X-100 (2 : 1, v/v) and 4 g Omnifluor 1-was added to I ml exudate before counting in a liquid scintillation spectrometer.
For experiments on the uptake of exudate by conidia, unlabelled conidia on Nuclepore filters were incubated on 1 ml 10% White's solution containing 421 d.p.m. I4C-labelled exudate. At 0, 1, 2, 4, and 8 h, filters were removed from the solution and the underside was wiped gently on a paper towel. The in the solution was determined as described above and I' C in the conidia was determined by suspending the conidia and Nuclepore membrane in 0.3 or 0 4 m l chloroform and then suspending the sample in 1Oml of a cocktail consisting of tohenelmethanol (3 : 1, v/v), 4-2 g Omnifluor and 40 g Cab-o-sil I-'. Samples were counted as indicated above.
or lo-' M 'T-labelled glucose or a mixture of IT-labelled amino acids M), unlabelled conidia were incubated on 1 ml substrate in 10% White's solution for 0.5, 1, 2, 3,4.5, 6 or 8 h. Conidia incubated for approximately 30 s were used as a zero time control. After the allotted time, conidia were removed and stained to determine percentage germination, and the radioactivity in the solution was counted to determine uptake.
For experiments on the uptake of lo-?,
RESULTS
Effect of selected nutrients on germination Germination was stimulated by 1 pM-fructose or 10 pM-ghCOSe, or higher concentrations ( Table 1) . Glucose in combination with an equimolar concentration of asparagine was no more stimulatory than glucose alone. Proline or alanine at 1 mM, but not at lower concentrations, also stimulated germination; no stimulation was detected with 1 p~-l mM-galactose, xylose, ribose, galacturonic acid, picolinic acid or succinic acid. Casein hydrolysate (100 pg ml-l) and yeast extract (5 pg ml-* ) also stimulated germination, but lower concentrations did not.
Nutrients in exudate
Conidia released glucose, xylose, galactose, mannose and rhamnose during 4 h ( Table 2) ; glucose accounted for 52% of the exuded sugars, Exudate from 5 x lo3 conidia ml-contained 0.4-3 x lo-' M of each of the five sugars, equivalent to 0.8-7 x lo-'" mol per spore or 1-12 pg Of the 13 elements analysed, exudate contained significantly more Mg (7-2-fold), P (6.3-fold), K (2-5-fold) and Cu (1.3-fold) than was present in the buffer control. However, since 5 x lo3 conidia incubated on 40ml buffer exuded only 5 x 10-l3 M-Mg, 2 x M-K, and 4 x 10-l 6 M-CU, it seems unlikely that the inorganic component of exudate influenced its activity, considering that 10% White's solution contains far more salts than exudate. Exudate did not contain more Fe, Mn, Ca, Zn, Pb, Al, Na, B, or Ni than controls.
Effect of exogenous exudate on germination
When freshly harvested C . victoriae conidia were incubated with freshly collected spore exudate, germination was stimulated in only 35 % of the experiments. Unsuccessful attempts were made to remove enzymes or other agents from the exudate which might inactivate stimulatory compounds. Methods used included : dilution of the exudate, collection of the exudate and bioassay in darkness, removal of volatile compounds by bubbling the exudate with helium, and separation of the exudate by ultrafiltration (30000 mol. wt exclusion size). With the ultrafiltration procedure, the filtrate and any material retained by the filter were assayed separately. Conidia produced on V-8 juice agar were no more sensitive to exudate stimulation and did not produce more stimulatory exudate than conidia produced on the defined agar medium. Conidia in White's solution and treated in an ultrasonic cleaner produced exudate that significantly (P = 0.05) stimulated germination in each of four experiments.
To determine whether conidia could take up exudate, conidia were incubated for up to 8 h on 1 ml l4C-labe1led exudate. No uptake by the spores or decrease of 14C in the exudate was detected, even after germ tube formation.
Stimulation of germination by exudate in the leaching system and the static volume system was compared. Exudate was obtained by soaking 8 x lo4 conidia ml-in White's solution in an ultrasonic cleaner for 30 min. After 5 h of incubation on the model leaching systems, conidia were exposed to similar quantities of exudate. Statistically significant stimulation from exudate was detected after 4 , 8 and 20 h on the static volume system and after 8 and 20 h on the leaching system.
To determine if stimulatory activity of exudate was lost upon processing, duplicate membrane filters with either 5 x lo3, 7 x lo5, or 3 x lo6 conidia were placed across the middle of leaching dishes. Additional filters, each bearing 5 x lo3 conidia were placed 'upstream' and 'downstream' of the filters in the middle. Conidia were either unleached or leached at 75 ml hfor 7 h. No stimulatory activity was detected upstream or downstream from the middle filters (Table 3) .
To test whether exudation was affected by temperature, 4C-labelled conidia were incubated at either 2 "C or 22 "C for up to 45 min (Fig. 1) . From 15 to 45 min, exudation was significantly (P = 0.05) greater at 22 "C than at 2 "C. With both treatments, there was a linear increase in the exudate of the log d.p.m. with time for the first 30 min. After 30 min the rate of exudation decreased; the decrease was more pronounced at 22°C than at 2°C. Thus, exudation is apparently the result of passive diffusion and exudation rates are affected by temperature.
Effect of exogenous glucose on germination Conidia were incubated on 10 mlO.05 M-MES (pH 6-1) with or without 1 mM-glucose. After 2, 12, or 24 min (corresponding to the period of greatest exudate release), the spores were washed by floating the membrane filter on two changes of 40 ml White's solution, each for 1 min. Spores were then incubated on 80 ml of White's solution for 8 h less the time required for the buffer or glucose treatment. Glucose did not affect germination.
To determine whether glucose in conidial exudate affected germination, conidia were incubated at 30 "C for 2,4 or 6 h on 1 mlO.1 M-MES (pH 5.1) in White's solution with or without 0-2 units glucose oxidase. Conidia incubated with glucose oxidase germinated as well as the controls. To determine whether glucose or amino acids were taken%up before germ tube emergence, conidia were incubated on 1 ml White's solution containing l4C-labelled glucose or a mixture of 14C-labelled amino acids. In White's solution alone, 7 % of the conidia germinated after 3 h and 95% germinated after 10 h; germination was more rapid in the presence of glucose. In all treatments, a significant percentage of germ tubes emerged before significant uptake of 14C was detected. Although it is essentially impossible to choose a time that differentiates between preand post-germ tube emergence in an asynchronously germinating population, [ 14C]glucose and amino acids appeared to be primarily taken up by germ tubes and young hyphae, rather than by ungerminated conidia.
Effect of loss of exudate on germination
Conidia on 0.4 pm Nuclepore filters were either incubated for 1-4 h on sterile sand saturated with White's solution (nonfbngistatic) or for 2 h on saturated soil which was covered with a 0-2 pm Nuclepore filter (fungistatic). (Soil fungistasis was expressed through a. double thickness of membrane filter.) Conidia incubated on soil were then transferred to sterile sand, on which they commenced germination after 1-2 h. By contrast, conidia incubated only on sand commenced Time on sand (h) Not pre-incubated Pre-incubated on soil7 * Means followed by the same lettet were indistinguishable by the Student-Newman-Keuls multiple range test t Conidia, borne on a 0-45 pm pore-size Nuclepore merhbrane, were placed on top of a second Nuclepore membrane (0.2 pm pore-size) which covered the soil surface. Conidia incubated on soil fot 6 h did not germinate.
( P = 0.05).
germination after 2-3 h ( Table 4) . Once germination began, the rates were similar with both treatments. Therefore, the loss of exudate which occurs on soil did not adversely affect subsequent germination on sand.
In a similar experiment, conidia incubated for 8 h on 80 ml White's solution (a fungistatic environment) and theh for 8 h on buffer (a non-fungistatic environment) exhibited 62% germination, significantly more than conidia incubated only on buffer (46 %). Spores preincubated on White's solution and then incubated for 8 h on 1 p~-to 1 mM-glucose in MES buffer, germinated as well as conidia which were incubated only on buffered glucose (data not shown).
DISCUSSION
This research was designed to investigate the role of the glucose-rich exudate in germination of C. victoriae conidia. There was no indication that the initial loss of conidial exudate impaired subsequent germination, nor represented substrate which is required for gemination. Conidia pre-incubated in germination-inhibiting conditions germinated normally when transferred to germination-conducive environments. In fact, conidia pre-incubated in fungistatic environments germinated more rapidly when transferred to non-fungistatic environments than conidia not pre-incubated. Thus, it appears that during the pre-incubation period (the time of greatest exudatioh) the germination process is initiated, though germ tubes are not produced. In earlier work with C. sativus, conidia pre-incubated on non-sterile soil for 1 d, then transferred to sterile soil, germinated in 38% less time than conidia incubated only on sterile soil (Yoder & Lockwood, 1973) . Similarly, conidia of Penicillium frequentam, which required nutrients to germinate in sterile or non-sterile conditions, initiated germination in non-sterile soil. Initiation required only water, was partially inhibited at 1 "C, and accounted for approximately 20% of the total germination time (Yoder & Lockwood, 1973) . Thus, we conclude that germination is a two-stage process. In the first stage, the germination process is initiated by water, and is not inhibited by soil fungistasis or the loss of exudate. In the second stage, the propagules are inhibited by fungistasis imposed by soil or the leaching system.
We found no evidence that the glucose-rich exudate, once released, was exogenously involved in germination. During the period of greatest exudate release (2-24 min), germination was not stimulated by 1 mhi-glucose, nor was it reduced by glucose oxidase. Moreover, exudate obtained from spores was not taken up by freshly harvested conidia.
Exudate stimulated germination of new conidia in 35% of the trials. There are two possible explanations for the variable stimulation of germination by exudate. (i) The stimulatory component in exudate may have been quickly inactivated or highly volatile. However, attempts to separate possible inhibitors or inactivating agents, especially enzymes, from any stirnulatory compounds were unsuccessful. (ii) Stimulation may have been dependent upon a greater quantity of nutrients than was generally exuded. Of the nutrients tested, only glucose at 10 PM and fructose at 1 PM stimulated germination. Exudate contained only 0-3 pwglucose and from 40 to 100 n~ of four other sugars.
.In the present experiments, conidia suspended in water or incubated in the leaching system exuded less than was reported in previous studies (Bristow & Lockwood, 1975; Sneh 8z Lockwood, 1976; Filonow & Lockwood, 1979 ,1983 ). In addition, it was previously reported that when C. victoriae conidia were made nutrient-dependent on the leaching system, germination was partially restored by compounds leached from the same or other spores, or with a solution of glucose and casein hydrolysate that approximated the carbohydrate and amino concentrations of C. victoriae exudate (Bristow & Lockwood, 1975) . Whether the difference in results on stimulation of germination by exudate was due to variation in experimental procedure or to the use of a different isolate of C. victoriae is unknown. However, the reported differences in exudation do not affect our conclusion that the initial loss of exudate cannot directly account for soil fungistasis ; in both studies the conidia were nutrient-independent in axenic conditions and sensitive to fungistasis in soil and in the leaching system. There are other reports of an initial non-specific exudation from propagules, apparently occurring regardless of sensitivity to fungistasis or subsequent germination (Wynn et al., 1966; Yadav & Mandahar, 1981) . Simon (1974) suggested that conidia exude during hydration until membrane integrity is re-established.
These results do not argue against the essence of the nutrient deprivation hypothesis (Lockwood, 1977) , i.e. that fungistasis is imposed by the rate of loss of a germination-regulating compound(s) into soil or an aqueous medium. However, based on the present results, it seems likely that such compound(s) would be released during the second stage of germination, and would serve as a means of sensing the suitability of the environment for germination, rather than depleting the spores of metabolic reserves. The compound(s) released during the second stage of germination remain unidentified; characterization of the composition and the kinetics of the release of these compounds may be useful in elucidating the mechanism of fungistasis.
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